Abstract. In hepatobiliary disease bilirubin becomes bound covalently to serum albumin, producing a nondissociable bile pigment-protein complex (biliprotein). To elucidate the mechanism of biliprotein formation we studied the bile pigment composition of blood from animals with experimental cholestasis and carried out comparative studies on the rate of biliprotein formation in vivo and in vitro during incubation of bilirubin glucuronides with albumin. Bile duct ligation in the rat and guinea pig led to rapid accumulation in the circulation of bilirubin, heterogeneous bilirubin esters of glucuronic acid, and a biliprotein that migrated along with albumin on high performance liquid chromatography. When the obstruction was removed, biliprotein remained longer in the circulation than did the other bile pigment species. Biliprotein and heterogeneous bilirubin esters of glucuronic acid were not formed in bile duct-ligated homozygous Gunn rats but they were formed when bilirubin glucuronides were incubated with Sprague-Dawley rat serum or human serum albumin at 370C in vitro. Bilirubin glucuronide rearrangement in vitro was accompanied by nonenzymic hydrolysis. We conclude that the formation of biliprotein in vivo is probably nonenzymic and suggest that mammalian biliprotein is formed by acyl migration of bilirubin from a bilirubin-glucuronic acid ester to a nucleophilic site on albumin.
Introduction
Under certain pathological conditions abnormal amounts of bilirubin' and its metabolites occur in the circulation, either
Received for publication 28 December 1983 and in revised form 14 May 1984. free or reversibly associated with albumin. Measurement of these in body fluids is useful clinically, particularly in the detection and diagnosis of hepatobiliary disease (1) . It is widely believed that four main bilirubinoid molecular species occur in humans: bilirubin, bilirubin ,-l-O-acyl diglucuronide (BDG)2, and two isomeric bilirubin #-l-O-acyl monoglucuronides (BMG). However, this view is incorrect and oversimplified for two reasons. First, l-O-acyl glucuronides are unstable and isomerize to 2-, 3-and 4-0-acyl esters of glucuronic acid at physiological pH (2) (3) (4) (5) (6) (7) . Consequently, icteric blood plasma may contain not only f-l-O-acyl glucuronides of bilirubin, but isomers of these (3) (4) (5) . Second, there is longstanding evidence that proteins containing irreversibly bound bile pigment occur in some jaundiced sera (8) (9) (10) (11) (12) (13) . Such biliproteins are not only of interest apropos of liver disease, but also with respect to the structure and biosynthesis of nonmammalian biliproteins, which are widely distributed in nature. Currently little is known about the kinetics of bilirubin glucuronide isomerization in vivo or the metabolic origin of mammalian biliproteins. We now present evidence that these processes are temporally related in vivo and in vitro and that the formation of biliproteins in mammals is probably nonenzymic.
Methods
Animal studies. Sprague-Dawley (SD) rats and guinea pigs were from Simonsen Laboratories, Gilroy, CA. Homozygous Gunn rats were bred at the University of California, San Francisco. For bile duct ligations, the common duct was ligated in two places and cut between the ties. Except where noted, blood samples were obtained from the heart or abdominal aorta. Total bilirubin concentrations were estimated by a 1. Throughout this paper, bilirubin refers to the IXa isomer only. The terms conjugated bilirubin and bilirubin glucuronide refer only to enzymatically formed 1-O-acyl glucuronic acid esters of bilirubin.
They do not include rearranged isomers of bilirubin ,-1-O-acyl diglucuronide or bilirubin #-I-O-acyl monoglucuronides or substances containing bilirubin or its derivatives bonded covalently to protein.
2. Abbreviations used in this paper: BDG, bilirubin #-I-O-acyl diglucuronide; BMG, bilirubin, -1-O-acyl monoglucuronides; HPLC, high-diazo method (14) and by high-performance liquid chromatography (HPLC) (12) .
In vitro studies. Human serum albumin (HSA) was Fraction V from Miles Laboratories, Inc., (Elkhart, IN). Crude I-O-acyl glucuronides (BMG/BDG) were isolated from fresh rat bile by solvent extraction (15) with precautions to avoid acyl migration and disproportionation. Reversed-phase HPLC of this preparation with 0.1 M methanolic din-dodecylamine acetate (16) (12, 16) . In system A the mobile phase was 0.1 M methanolic di-noctylamine acetate (16) . Samples, diluted 1:9 or 1:4 with mobile phase at 00C, were centrifuged to remove protein and injected via a 20 ul loop. System B has been described by Lauff et al. (12) . For practical reasons samples (0.5-1.0 ml) to be analyzed on system B were frozen immediately after collection and lyophilized. After transport and brief storage at < -50C in the dark the samples were reconstituted with water, treated with HSA and Na2SO4 to remove globulins (12) , and analyzed double-blind in duplicate. System A separates bilirubin, BDG, and BMG but does not resolve the two BMG isomers (Fig. 1 a) . Only pigments readily dissociable from albumin are detected and biliproteins are lost with the protein precipitate. In contrast, system B resolves bilirubin, bilirubin monoconjugates, bilirubin diconjugates, and biliprotein (or pigment co-eluting with albumin) into four main single peaks (Fig. 2, b and c) (12) .
Results
In vivo studies. Cholestasis was induced in four adult male SD rats by ligation of the bile duct, and tail-vein serum samples were analyzed periodically by HPLC system A (Fig. 1, b-f ). Also analyzed were single serum samples from 14 other SD rats whose bile ducts had been obstructed for 16 to 96 h as follows: 16 h (n = 2), 48 h (n = 9), 72 h (n = 2), and 96 h (n = 1). Serum collected before ligation was essentially devoid of bile pigment, but by 2 h BDG and BMG were clearly present in addition to unconjugated bilirubin. After 6 h the two glucuronide peaks had increased substantially and a less mobile shoulder was perceptible on the edge of the BMG peak. By 24 h this shoulder had become a distinct peak centered at -7.6 min, and by 72 h it surpassed the BMG peak. Although this peak was moderately sharp on HPLC system A, it broadened and became partly resolved into several overlapping peaks when the reversed-phase chromatography was carried out by the use of solvents of higher resolving power such as 0.1 M methanolic di-n-dodecylamine acetate (16) or 0.1 M methanolic di-n-octylamine acetate containing 8% water (data not shown). Therefore, the peak at -7.6 min which follows the BMG peak represents an unresolved mixture of pigments. The BDG peak (Fig.  1 g ). As expected, BDG, BMG, and altered glucuronides were undetectable in serum from homozygous Gunn rats deficient in bilirubin glucuronyl transferase even up to 72 h after ligation of the bile duct (n = 6).
Reconstituted serum samples (n = 11) from nine SD rats with bile ducts ligated for >24 h were analyzed by chromatography with HPLC system B. Heterogeneity of the main bilirubin glucuronic acid ester bands was not observed, although there was some slight peak broadening of the bilirubin monoglucuronic acid peak in particular. Four main peaks were detected, as previously observed with cholestatic human serum (12, 13), corresponding to biliprotein, bilirubin diglucuronic esters, bilirubin monoglucuronic esters, and bilirubin, respectively (Fig. 2). Biliprotein was detected in all SD samples collected within 1-14 d of cholestasis (Table I) in concentrations of 0.7-4.6 mg/100 ml. The proportion of pigment present as biliprotein increased with duration of cholestasis in sequentially drawn 3. For each of the two positional isomers of BMG, intramolecular migration of the bilirubin acyl moiety can lead to three constitutional isomers, each of which can exist in at least two isomeric forms owing to anomerization of the -OH group at C-l of the sugar. In addition, reverse migration of the bilirubin acyl group from the C-2 -OH to an anomerized (a) -OH group at C-1 can lead to another pair of constitutional isomers. There are, therefore, a total of 16 samples from the same animal and tended to increase with duration of cholestasis for the group as a whole (Table I) . Biliprotein was undetectable in serum from healthy or shamoperated SD rats (n = 5) and undetectable or <1% of total pigment in serum from Gunn rats before (n = 2) and after 48 (n = 1) or 72 h (n = 2) of cholestasis. Three of four guinea pigs died within 72 h of bile duct ligation. In the animal that Clearance of endogenous biliprotein and protein-dissociable pigments was studied in nine SD rats fitted with indwelling bile duct cannulas (17) . Initially, the free tip of the cannula was sealed and sutured within the abdomen. After 48 h of cholestasis a tail-vein blood sample from each animal was analyzed by HPLC with system A. All showed the presence of substantial quantities of bilirubin glucuronides and altered glucuronides. The cannula was then brought through the skin, the tip was cut off, and bile was allowed to drain freely to the outside, with the animal in a restraining cage. During the drainage period, tail-vein blood samples from three of the rats were analyzed periodically by HPLC with system A. These analyses revealed a rapid loss of bilirubin glucuronides and altered glucuronides from the circulation during the first 2 h of bile drainage, with essentially complete disappearance within 7 h, which is consistent with previous studies (18) . After 7-12 h of biliary drainage, all nine rats were exsanguinated and serum was analyzed by the diazo reaction for total bilirubin (i.e., biliprotein + bilirubin + bilirubin glucuronides + altered glucuronides) and by HPLC with systems A and B. Clearance of protein-dissociable pigments for each animal was checked with system A by a comparison of the chromatogram of serum obtained by exsanguination with the chromatogram of serum obtained from the tail vein just before relief of cholestasis. Six of the animals showed very low levels of protein-dissociable pigments. The remaining three showed somewhat higher amounts, probably because of some restriction of bile flow toward the end of the drainage period or during the exsanguination procedure. HPLC of the nine final serum samples with system B showed that all contained a substantial proportion of biliprotein (Table II) . The mean percentage of pigment present as biliprotein for the whole group was 60%, much higher than the 22% mean value observed in rats with unrelieved obstruction (Table I) . Furthermore, when the samples were ranked, as in Table II from human bile by the procedure of Wu et al. (19) . The first two of these preparations appeared to be largely free of altered glucuronides by HPLC, whereas the third was a complex mixture which contained altered glucuronides and IIIa and XIIIa isomers, presumably arising from intra-and intermolecular isomerization during the extensive purification procedure. When crude BMG/BDG from rat bile was incubated (6 h, 370C) in aqueous HSA under argon at pH 7.0-9.0, the total pigment concentration, measured by the diazo reaction, declined by <16% (Table III) . There were, however, pronounced pH-dependent changes in pigment composition. Hydrolysis and altered glucuronide formation occurred at all pH levels but increased with increasing pH (Fig. 1, h-m and Table III ). In addition, biliprotein was detected in all samples, with the proportion increasing markedly with increasing pH. Repetition of this experiment (at pH 7 and 9 only) with a different batch of BMG/BDG gave similar results. When BMG/BDG was incubated in phosphate (0.1 M) buffered HSA at pH 7.4 for 28 h there was marked hydrolysis and rearrangement of the glucuronides without significant loss of total pigment (Table  IV) . The proportion of biliprotein increased with incubation time, but the overall yield was low, presumably because of the faster competing hydrolysis of starting material to unconjugated bilirubin. Similarly, incubation of BMG/BDG and purified BDG in rat serum led to rearrangement and biliprotein formation, in addition to extensive hydrolysis (Table IV) . The small amount of biliprotein detected in these samples at t = 0, though close to the limits of sensitivity of the method, appeared to be real based on comparison with blank serum controls. (4) . However, acyl glucuronides undergo base-catalyzed rearrangement to constitutional isomers at physiological pH (3-7). Such isomerization occurs with bilirubin glucuronides in vitro, even in the presence of albumin (4) , and under pathological conditions in vivo (4, 5) . Our studies provide further direct evidence that the bile pigments accumulating in the circulation during cholestasis are highly heterogeneous and they show that nonaqueous reversed-phase HPLC provides a rapid, simple method for detecting bilirubin ester heterogeneity. The heterogeneous pigments detected in serum during cholestasis were chromatographically identical to those formed on incubating BMG and BDG in vitro at physiologic pH in the presence of albumin. Because of the probable presence of large numbers of isomers3 we did not attempt to isolate or characterize these altered glucuronides which were detected by HPLC. However, their tentative identification as isomers of bilirubin glucuronides formed by acyl migration is based on the following strong circumstantial evidence: (a) They were formed, with little loss in overall pigment concentration, when authentic bilirubin glucuronides were incubated anaerobically in the dark under conditions known to induce acyl migration in bilirubin glucuronides (3, 4) and many other structurally analogous substances (6, 7, 23 The direct-reacting bile pigment that remains with the protein precipitate upon the addition of alcohol to icteric sera was called adsorbed bilirubin by Hijmanns van den Bergh (8) . Yet simple physical adsorption did not appear to be responsible for the pigment-protein association, since rigorous attempts to separate the two failed. Adsorbed bilirubin was found only in body fluids containing conjugated (direct) bilirubin. Its proportion in serum tended to be low during the early phase of obstructive jaundice but increased as jaundice receded and bilirubinemia and bilirubinuria diminished (21, 24, 25) . Later, evidence for the occurrence of an undissociable bilirubinprotein complex in pathologic sera was obtained by reversedphase chromatography (9) (10) (11) (12) (13) , and recent studies suggest strongly that the complex contains a bilirubinoid species bonded covalently to albumin (11 (13, 27) . (Fig. 1) and patients (33) with cholestatic jaundice and for the apparent deconjugation of bilirubin glucuronides detected in experimental studies (32, 34, 35) .
Exact agreement between HPLC systems A and B would not be expected since both rely on uncorrected relative integrated peak areas and since system A ignores biliprotein. Nevertheless, comparison of analytical data from the two systems for the same samples indicated that variable, but usually slight, hydrolysis of diesters to monoesters and of monoesters to bilirubin occurred during reconstitution and pretreatment of the samples for system B (see examples in Tables III and IV) . This is not surprising since pretreatment involved warming samples at 37°C, pH 7.7, for .20 min to remove globulins (12) . Less expected was the detection of small amounts of biliprotein in solutions of BMG/BDG in serum or aqueous HSA that were lyophilized for analysis immediately after preparation and before incubation. The reason for this is unclear. One possibility is that this small amount of biliprotein was formed during lyophilization or subsequent sample manipulation. Another possibility is that the original glucuronide preparations contained small quantities of an impurity, perhaps a rearranged glucuronide species, that reacts very rapidly with protein. This is supported by the otherwise puzzling results obtained with bile pigment isolated from human bile. This material, which was shown by HPLC to have already undergone extensive isomerization during the isolation procedure, gave a substantial amount of biliprotein immediately on mixing with HSA or serum. Since biliprotein can be formed nonenzymically in vitro it is possible that the biliprotein isolated by Etter-Kjelsaas and Kuenzle (36) from human bile was formed after the excretion of bile from the liver as suggested recently by Compernolle (37) . It also raises the question whether the biliprotein detected in pathologic human serum is wholly artifactual. Previous studies (8, 11, 27) and data in this paper suggest that this is not so. However, the possibility that a small proportion of the biliprotein detected in earlier studies, particularly in samples containing high levels of bilirubin glucuronic acid esters, is artifactual cannot yet be ruled out, Certainly, careful handling of icteric sera is necessary if artifacts and changes in bile pigment composition are to be avoided.
Since the bilirubin mono-and diglucuronic acid esters in serum may be complex mixtures of isomers, HPLC methods that consolidate them into single bands may not reflect the complexity of the situation. Such methods include system B and the recently developed alkaline methanolysis procedure (33) . Clearly, the proportion of mono-and diconjugates measured by these methods does not necessarily reflect the actual proportion of l-O-acyl glucuronides (BMG and BDG) in the sample. Nor does it reflect the proportion of BMG to BDG biosynthesized in the liver, since these can subsequently undergo rearrangement, hydrolysis, covalent binding and differential renal excretion if they accumulate. Therefore, on these grounds alone, it is understandable why measurements of monoconjugate-to-diconjugate ratios by such methods have not proved diagnostically useful (38, 39) .
HPLC system B, as used in this study, permits measurement of the biliprotein fraction in serum but consolidates the isomeric bilirubin mono-and diglucuronic acid esters into single, sometimes broadened, peaks. The nonaqueous reversedphase system A provides a somewhat clearer picture of the dissociable noncovalently bound pigment fraction but does not measure biliprotein. Of the chromatographic methods currently available for distinguishing unconjugated from conjugated hyperbilirubinemia, system A is the most rapid. It is not yet known whether measuring the relative proportions of isomeric bilirubin esters in serum would be diagnostically or clinically more useful than measuring the proportion of biliprotein (13 
